The most obvious segmental structures in the vertebrate embryo are somites: transient structures that give rise to vertebrae and much of the musculature. In zebrafish, most somitic cells give rise to long muscle fibers that are anchored to intersegmental boundaries. Therefore, this boundary is analogous to the mammalian tendon in that it transduces muscle-generated force to the skeletal system. We have investigated interactions between somite boundaries and muscle fibers. We define three stages of segment boundary formation. The first stage is the formation of the initial epithelial somite boundary. The second ''transition'' stage involves both the elongation of initially round muscle precursor cells and somite boundary maturation. The third stage is myotome boundary formation, where the boundary becomes rich in extracellular matrix and all muscle precursor cells have elongated to form long muscle fibers. It is known that formation of the initial epithelial somite boundary requires Notch signaling; vertebrate Notch pathway mutants show severe defects in somitogenesis. However, many zebrafish Notch pathway mutants are homozygous viable suggesting that segmentation of their larval and adult body plans at least partially recovers. We show that epithelial somite boundary formation and slow-twitch muscle morphogenesis are initially disrupted in after eight (aei) mutant embryos (which lack function of the Notch ligand, DeltaD); however, myotome boundaries form later (''recover'') in a Hedgehog-dependent fashion. Inhibition of Hedgehog-induced slow muscle induction in aei/deltaD and deadly seven (des)/notch1a mutant embryos suggests that slow muscle is necessary for myotome boundary recovery in the absence of initial epithelial somite boundary formation. Because we have previously demonstrated that slow muscle migration triggers fast muscle cell elongation in zebrafish, we hypothesize that migrating slow muscle facilitates myotome boundary formation in aei/deltaD mutant embryos by patterning coordinated fast muscle cell elongation. In addition, we utilized genetic mosaic analysis to show that somite boundaries also function to limit the extent to which fast muscle cells can elongate. Combined, our results indicate that multiple interactions between somite boundaries and muscle fibers mediate zebrafish segmentation. D
Introduction
Segmentation of the vertebrate body plan is a crucial aspect of normal development. In vertebrates, mesodermal segmentation involves partitioning of unsegmented presomitic mesoderm into discrete structures called somites. Somites give rise to skeletal structures such as ribs and vertebrae as well as skeletal muscle. In zebrafish as well as chick, short range cell rearrangements underlie the morphogenesis of somite boundaries (Henry et al., 2000; Kulesa and Fraser, 2002) . Notch signaling is critical for somite boundary formation in zebrafish, chicken, Xenopus, and mouse (Dale et al., 2003; Pourquie, 2003a,b) . For example, several zebrafish mutations that affect somite boundary formation (after eight/deltaD, deadly seven/ notch1a, mind bomb, and beamter/deltaC) are known to disrupt Notch pathway components (Holley et al., 2000 Itoh et al., 2003; Jiang et al., 1998) . In addition, we and others have demonstrated that zebrafish hairy/Enhancer of split-related genes, her1 and her7, which encode downstream targets of the Notch pathway, are required for normal somite formation (Gajewski et al., 2003; Henry et al., 2002; Oates and Ho, 2002) . Interestingly, some zebrafish homozygous Notch pathway mutants, after eight/deltaD, deadly seven/notch1a, and beamter/deltaC, are viable and survive to adulthood (van Eeden et al., 1996) indicating that even though the initial process of somite formation is disrupted, segmentation at least partially recovers. This partial recovery of segmentation would pattern the imperfect formation of segmental elements such as vertebrae and skeletal muscle in mutant embryos. We investigated how segmentation recovers in Notch pathway mutants.
Typically, two types of cells are found in developing somites: epithelial border cells and inner mesenchymal cells. As a somite matures, presumptive muscle cells elongate either actively or through fusion to form long muscle fibers (Cortes et al., 2003; Denetclaw et al., 1997 Denetclaw et al., , 2001 Devoto et al., 1996; Henry and Amacher, 2004; Kahane et al., 1998; Kalcheim et al., 1999; Kielbowna, 1981; Neff et al., 1989; Venters et al., 1999) . In zebrafish, muscle fibers attach to the extracellular matrix at both the anterior and posterior segment boundaries, forming the body wall musculature. The somite boundary undergoes a significant morphogenesis, becoming rich in extracellular matrix and adhesion complex components. Components of both the dystroglycan complex and focal adhesions concentrate at the somite boundary (Bassett et al., 2003; Crawford et al., 2003; Dubois et al., 2002; Henry et al., 2001; Kudo et al., 2004; Parsons et al., 2002) , which is now called a myotome boundary. Thus, boundary formation involves multiple steps that we define in this work as follows. Stage 1 is the formation of the initial epithelial somite boundary. Stage 2 is a transition stage, where muscle cells are elongating to generate the myotome and the somite boundary is becoming rich in extracellular matrix. Stage 3 is the formation of the myotome boundary, which is exceedingly rich in matrix and adhesion components; during this stage, muscle precursor cells have fully elongated to form muscle fibers. Although a great deal is known about the signaling pathways necessary for initial epithelial somite boundary formation, less is known about myotome boundary formation.
One process involved in myotome boundary formation is the elongation of muscle precursor cells to generate the myotome: a group of specified, elongated, muscle fibers. We have recently shown that fast-twitch muscle cell elongation is triggered by slow-twitch muscle cell migration (Henry and Amacher, 2004) . Specification/commitment of the slow-twitch muscle lineage is dependent upon Hedgehog signaling (Barresi et al., 2000; Blagden et al., 1997; Coutelle et al., 2001; Ingham, 1996, 1998; Du et al., 1997; Hirsinger et al., 2004; Lewis et al., 1999; Roy et al., 2001) . High levels of Hedgehog signaling induce Engrailed-expressing muscle pioneers, a subset of slowtwitch muscle cells located at the horizonal myoseptum, and a small subset of fast fibers, the Engrailed-expressing medial fast fibers. Slightly lower levels of Hedgehog signaling induce superficial slow fibers, which migrate from their initial position adjacent to the notochord laterally through the paraxial mesoderm and become the most superficial muscle fibers (Devoto et al., 1996; Wolff et al., 2003) . This migration is dependent upon reciprocal waves of N-and M-cadherin expression (Cortes et al., 2003) . Thus, slow muscle specification requires Hedgehog signaling, and slow muscle morphogenesis requires dynamic modulation of N-and M-cadherin expression. Furthermore, slow muscle fibers are critical not only for slow-twitch muscle development, but also for normal fasttwitch muscle fiber elongation (Henry and Amacher, 2004) .
In this study, we examine the relationship between muscle cell elongation and myotome boundary formation. Initial epithelial somite boundaries do not form in Notch pathway mutant embryos. However, slow muscle cells do elongate. The elongation and morphogenesis of slow muscle cells in the absence of initial somite boundary formation in aei/deltaD mutant embryos are disorganized. This suggests that initial epithelial somite boundary formation may help establish the normal pattern of slow muscle cell elongation. We show that later in development, by 24 h post-fertilization, irregular but robust myotome boundaries do form in aei/deltaD mutant embryos. We predicted that slow muscle migration may pattern not only fast muscle cell elongation, but also myotome boundary recovery in Notch pathway mutants, as has been proposed for another somite boundary mutant (van Eeden et al., 1998) . In support of this hypothesis, we find that Hedgehog signaling is necessary for myotome boundary recovery in aei/ deltaD and des/notch1a mutant embryos. Finally, we show using mosaic analysis that one function of somite and/or myotome boundaries is to limit the extent to which muscle cells can elongate in vivo. Therefore, our results provide insights into the integrated mechanisms of muscle cell elongation and somite boundary maturation.
Materials and methods

Zebrafish mutant alleles, stocks, and husbandry
Zebrafish embryos were obtained from natural spawnings of adult fish kept at 28.5-C on a 14 h light/10 h dark cycle and were staged according to Kimmel et al. (1995) . The alleles of mind bomb (mib ta52b ), after eight/deltaD (aei tr233 ), and deadly seven/notch1a (des b638 ) used have been previously described (Gray et al., 2001; Holley et al., 2000 Itoh et al., 2003; van Eeden et al., 1996) . An allele of beamter (bea b663 ) was isolated in an in situ hybridization screen (see Henry et al., 2002 for details of the screen), and fails to complement the original allele (van Eeden et al., 1996) .
In situ hybridization and immunocytochemistry
Whole mount in situ hybridization was performed as previously described (Jowett, 1999) . Alexa Fluor 546 phalloidin was obtained from Molecular Probes. h-catenin (Sigma, C7207) and pY397 FAK (Biosource) staining was also performed as previously described (Henry et al., 2001; Topczewska et al., 2001) . F59 antibody recognizes slow muscle myosin and was generously provided by Frank Stockdale. F59 staining was performed as previously described (Devoto et al., 1996) . To double stain embryos with phalloidin and F59, embryos were fixed in 4% PFA, rinsed, incubated in 2% triton for 1.5 h, then incubated in 1:20 phalloidin 1 h, rinsed overnight in PBT, and then processed per established protocols. Laminin and Fibronectin antibodies were obtained from Neomarkers and staining was performed as previously described (Crawford et al., 2003) . mutant embryos were examined. 3D reconstruction was performed with Zeiss Image Analyzer Software. Frequently, black and white were inverted in Adobe Photoshop to facilitate visualization.
Cyclopamine treatment
Embryos were treated with cyclopamine (Toronto Research Chemicals) to disrupt Hedgehog signaling as previously described (Barresi et al., 2001) . In brief, embryos were incubated in 100 AM cyclopamine (with 1% EtOH) beginning at shield stage (6 hpf) until fixation. This concentration of cyclopamine has been recently shown to reduce ptc1 transcripts by at least 50%, result in a complete loss of Engrailed expression and muscle pioneers, and have a significant reduction in the number of superficial slow muscle fibers . As cyclopamine does precipitate when placed into embryo rearing medium, it is likely that there is batch-to-batch variability. In our batch of cyclopamine, 100 AM cyclopamine completely eliminated superficial slow muscle fibers at 24 h (data not shown). Controls were treated with 1% EtOH. In each experiment, cyclopamine-treated embryos had u-shaped somites and were partially or fully cyclopic. Furthermore, either myoD expression was examined in 5 control embryos and 5 cyclopamine-treated embryos from each experiment to verify absence of myoD expression in adaxial slow muscle precursor cells upon cyclopamine treatment, or embryos were stained with F59 to confirm loss of slow muscle fibers.
Mosaic analysis
Isochronic transplantations were performed at the blastula stage as previously described (Amacher and Kimmel, 1998) . Donor embryos from an intercross of b567 heterozygous embryos were uniformly labeled with lineage tracer dye (4% tetramethyl rhodamine-dextran). b567 is a deficiency that lacks her1 and her7 and has defects in somite boundary formation (Henry et al., 2002) . Cells were removed from donor embryos and placed into the blastoderm margin of unlabeled host embryos. Because transplantations were performed before embryos could be morphologically identified, donors were kept alive and scored as b567 or wild-type. Hosts were fixed and processed for h-catenin and Fak expression as described above.
Results
Muscle fiber elongation proceeds medially to laterally in Notch pathway mutant embryos Many zebrafish Notch pathway mutants that disrupt initial somite boundary formation have been described (Henry et al., 2002; Holley et al., 2000 Itoh et al., 2003) . However, many of these mutants are homozygous viable indicating that segmentation in these embryos recovers through time. We hypothesized that muscle cell elongation may contribute to segmental recovery and analyzed the pattern of muscle cell elongation in Notch pathway mutant embryos (Fig. 1) . Fast muscle cell elongation proceeds in a medial to lateral direction during muscle development (Henry and Amacher, 2004; Figs. 1A, AV) . In des/notch1a and aei/deltaD homozygous mutant embryos, the first 7 -9 somites form but somite formation is disrupted posteriorly (Holley et al., 2000 van Eeden et al., 1996) . Here, we find that even in the absence of initial epithelial somite boundary formation, muscle cell elongation in mutant embryos proceeds in a medial to lateral fashion throughout the anterior -posterior axis in Notch pathway mutant embryos (Figs. 1B, BV, C, CV; compare long muscle cells in medial panels [on the left] to short muscle cell precursors in lateral panels [on the right], and data not shown).
Interestingly, divisions that resemble somite boundaries tend to appear between these stacks of elongated muscle cells (arrowheads, Figs. 1B, C) . Weak hints of somite boundaries are also observed laterally (arrowheads, Figs. 1BV, CV, DV, EV), but these boundaries do not persist throughout the dorso-ventral and medio-lateral extents of the paraxial mesoderm.
The mind bomb gene encodes an E3 ubiquitin ligase which ubiquitinylates zebrafish deltaD (Itoh et al., 2003) . The somitic phenotype of mind bomb mutants is very similar to aei/deltaD and des/notch1a mutant embryos, except that somite defects initiate at slightly more posterior positions, around somite 10-11 ( Fig. 1DV ; data not shown). However, muscle cell elongation does proceed in a medial to lateral progression (Figs. 1D, DV ). An additional Notch pathway mutation, beamter, disrupts deltaC (S.A. Holley and Y.-J. Jiang, personal communication) . We analyzed muscle cell elongation in bea/deltaC mutant embryos and find that it also proceeds in a medial to lateral progression (Figs. 1E, EV).
Although muscle cell elongation proceeds in a medial to lateral fashion in all Notch pathway mutant embryos examined, muscle cell elongation is less organized than in wild-type embryos. Specifically, although muscle cells tend to elongate in dorsal -ventral stacks (arrow, Fig. 1B ), these stacks can be of varying length and may not persist throughout the entire dorso-ventral or anterior -posterior extent of the paraxial mesoderm (see Figs. 1C , D, E, arrows). However, whereas there are only a few hints of cellular organization laterally (Figs. 1BV-EV), these stacks of elongated cells demonstrate cellular organization that could potentially underlie segmental recovery in these embryos.
Three stages of segment boundary formation
The medial to lateral progression of muscle cell elongation is preserved in Notch pathway mutant embryos and demarcations that resemble somite boundaries do form in between elongating muscle cells (Fig. 1) . To address the issue of somite boundary recovery in Notch pathway mutants, we investigated the progression of somite boundary formation through time in both wild-type and aei/deltaD mutant embryos.
We find that there are three basic stages to segment boundary formation in wild-type embryos. The first stage is the formation of the initial epithelial somite boundary (Figs. 2A, AV) . This initial somite boundary is flanked by epithelial border cells that surround an inner mass of mesenchymal cells (Henry et al., 2000) . Focal adhesion components show a subtle localization to this initial somite boundary (Crawford et al., 2003; Henry et al., 2001) . The second stage of segment boundary formation is a transitional stage from initial epithelial somite boundary formation to myotome boundary formation ( (Bassett et al., 2003; Guyon et al., 2003; Parsons et al., 2002) .
To characterize boundary recovery in Notch pathway mutant embryos, we used the above methods to carefully examine the segmentation process in aei/deltaD mutant embryos. As Fig. 1 . Muscle fiber elongation initiates and proceeds medially to laterally in known and presumptive Notch pathway mutant embryos lacking normal posterior epithelial somite boundaries. Confocal micrographs (side views, anterior left) of 17 -18 hpf embryos stained with h-catenin; contrast has been inverted so cells are outlined in black. Somite 10, or the approximate location of somite 10, is on the left. Left panels are medial (4 -8 Am lateral to the notochord); right panels, marked with a prime, are more lateral (12 -16 Am lateral to the notochord). In wild-type embryos, muscle cell elongation initiates medially (A, white arrow denotes long muscle cell), and somite boundaries persist throughout the paraxial mesoderm (AV, black arrows). Medially in aei/deltaD mutant embryos, muscle cells elongate in dorsal -ventral stacks (B, white arrow), resulting in the formation of boundaries (arrowhead) between these stacks. Thus, muscle cell elongation initiates even though initial somite boundary formation is severely disrupted (BV, arrowhead denotes a weak somite boundary). In des/notch1a (C), mib (D), and bea (E) mutant embryos, muscle cell elongation also initiates (white arrows) and is organized, resulting in boundaries between stacks of elongated muscle cells (arrowheads). Again, initial epithelial somite boundary formation is clearly disrupted (CV, DV, EV, arrowheads denote weak somite boundaries that do not persist throughout the dorsal -ventral and medial -lateral dimensions of the paraxial mesoderm).
previously mentioned, somite boundary formation (Stage 1) is disrupted in Notch pathway mutant embryos, and strong or robust somite boundaries that persist throughout the dorsalventral and medial -lateral extent of the paraxial mesoderm do not form posteriorly (Fig. 1) . However, weak somite boundaries do form in aei/deltaD mutant embryos, and Fibronectin localizes to those boundaries as in wild-type embryos (Figs. 2B, BV). This indicates that although somite formation is spatially disrupted and disorganized in aei/deltaD mutant embryos, weak boundaries appear to form by epithelialization of border cells and matrix deposition as in wild-type embryos.
During the transitional Stage 2, muscle cells begin to elongate in aei/deltaD mutant embryos (Figs. 1, 2E), and there are some weak somite boundaries that express phosphorylated Focal Adhesion Kinase (Fak) (Figs. 2E, F) . However, at this stage, robust boundaries that persist through much of the medial to lateral and dorsal to ventral extent of the paraxial mesoderm are not observed in the posterior of aei/deltaD mutant embryos.
Robust, but irregular, boundaries do form by Stage 3 (myotome boundary formation) in aei/deltaD mutant embryos. The boundaries extend throughout most of the dorsal -ventral and medial -lateral extents of the paraxial mesoderm and show robust localization of phosphorylated Fak as in wild-type embryos (Figs. 2I, IV J, JV). Therefore, our data show that robust segment boundaries recover as early as 24 h post-fertilization (hpf) in aei/deltaD mutant embryos.
The formation of irregular somite boundaries by 24 hpf of development is not unique to aei/deltaD mutant embryos. There is robust, albeit imperfect, recovery of myotome boundary development in other Notch pathway mutant embryos (Fig. 3 ).
Slow-twitch muscle morphogenesis is initially disrupted but significantly recovers in aei/deltaD mutant embryos
One early marker of slow muscle specification is the expression of the myogenic regulatory factor myoD in slow muscle progenitor cells (Devoto et al., 1996; Weinberg et al., 1996) . The normal initiation of myoD expression in Notch pathway mutant embryos (van Eeden et al., 1996) suggests that slow muscle specification is normal in Notch pathway mutant embryos. Because muscle fibers normally elongate between somite boundaries, we hypothesized that there may be morphogenetic defects in slow muscle in aei/deltaD mutant embryos due to the lack of initial epithelial somite boundaries. To test this hypothesis, we analyzed slow muscle morphogenesis in 20 hpf embryos, a time when superficial slow muscle fibers have begun their dramatic medial to lateral migration. In wild-type embryos, slow muscle cells elongate between two somite boundaries and are thus of uniform length (Fig. 4A , slow muscle myosin is in blue and rhodamine phalloidin stains all cells in red). Furthermore, there is a three-dimensionality to slow muscle cell distribution with muscle pioneers medial (Fig. 4AVV , black *) and migrating superficial slow fibers more lateral (Fig. 4AVV , blue *; Devoto et al., 1996) . In aei/deltaD mutants, however, slow muscle fibers are of varying length (Fig. 4B) , and there are somitic regions where slow fibers are missing. Furthermore, the normal three-dimensional architecture to the slow muscle is abolished and slow muscle is scattered throughout most of the medial -lateral extent of the somite (Fig. 4BVV ). These data indicate that the initial morphogenesis of slow-twitch muscle fibers is disrupted in aei/deltaD mutant embryos. However, by 26 hpf, when slow muscle fibers have significantly matured and fully migrated to the lateral extent of the wildtype somite (Figs. 4C, CV, CVV), there is significant recovery of slow-twitch muscle fiber morphogenesis in aei/deltaD mutant embryos. Fewer regions where slow muscle fibers are missing are observed and slow muscle fibers are more organized than at earlier stages (compare Figs. 4D, DV with B, BV). Many slow muscle fibers are approximately of one wild-type segment length and the dorsal -ventral stacks of fibers are more uniform than earlier in development (compare Figs. 4D, DV with B, BV). In addition, we observe significant recovery of the three-dimensional architecture of slow muscle in aei/ deltaD mutant embryos as seen by the clear divet (Fig. 4DVV , black *) where muscle pioneers are juxtaposed to the notochord, which was absent in 20 hpf aei/deltaD mutant embryos (see Fig. 4BVV ). Thus, by 26 hpf, one can distinguish the muscle pioneers from the superficial slow muscle fibers (blue *) due to their relatively normal three-dimensional architecture and medial -lateral positioning (Fig. 4DVV) . We observe a similar recovery of slow muscle cell morphology and number in another Notch pathway mutant, des/notch1a (Supplemental Fig. 1 ). Hedgehog signaling is required for segmental recovery in aei/deltaD and des/notch1a mutant embryos
We have demonstrated that slow muscle fibers do migrate to the lateral surface in aei/deltaD mutant embryos and myotome boundaries persist throughout the medial to lateral extent of the paraxial mesoderm by 26 hpf. As slow muscle fibers only occupy a subset of the medial -lateral extent of the paraxial mesoderm, these data indicate that fast muscle fibers must also contribute to the formation of myotome boundaries. Because we have shown that slow muscle cells induce fast muscle cell elongation as they migrate laterally through the developing myotome (Henry and Amacher, 2004) , we asked if migrating slow muscle cells in aei/deltaD mutant embryos might dictate the length of elongating fast muscle cells. If slow muscle cells in aei/deltaD mutant embryos pattern fast muscle cell elongation, we predicted that fast muscle fiber length would resemble slow muscle fiber length at the same relative dorsal -ventral position. Indeed, we observe that the length of medial fast muscle cells frequently correlates with the length of slow muscle cells: i.e. fast muscle fibers are short when slow muscle fibers lateral to them are short, and fast muscle fibers are long when slow muscle fibers lateral to them are long (medial fast fiber length resembles that of lateral slow fibers 91% of the time, n = 168 fast fibers) (Fig. 5) .
We hypothesized that slow muscle may be necessary for myotome boundary formation in aei/deltaD mutant embryos as has been suggested for another somite mutant, fused somites/ tbx24 (van Eeden et al., 1998) . We tested this hypothesis by assaying myotome boundary formation in aei/deltaD mutant embryos incubated in cyclopamine, which blocks Hedgehog signaling and thus slow muscle specification (Barresi et al., 2000; Chen et al., 2001; Du et al., 1997; Varga et al., 2001; Wolff et al., 2003) . Cyclopamine blocks the action of Smoothened, a membrane receptor essential for Hedgehog signaling (Chen et al., 2002; Ingham and McMahon, 2001 ). Hedgehog signaling is not necessary for the formation of initial epithelial somite boundaries (data not shown). In addition, Laminin is concentrated at myotome boundaries in wild-type and Hedgehog signaling-deficient embryos (Fig. 6 , Supplemental Fig. 2 , Crawford et al., 2003) . Using Laminin expression to mark boundaries, we observe that myotome boundaries form by Stage 3 in aei/deltaD mutant embryos (Figs. 6B, BV) , even posteriorly where initial epithelial somite boundaries did not form (Figs. 2I, J) . Myotome boundaries also form in the anterior of cyclopamine-treated des/notch1a mutant embryos where initial epithelial somite boundaries form (Supplemental Fig. 2) . However, when aei/deltaD mutant embryos are incubated in cyclopamine, myotome boundaries, as assayed by both cellular morphology and Laminin accumulation, do not form in the posterior of the embryo (Figs. 6C, CV) even though muscle cell elongation, which is initially blocked by cyclopamine treatment, has recovered by this time. Therefore, Hedgehog signaling is required for myotome boundary formation by Stage 3 in the posterior of aei/deltaD mutant embryos where initial epithelial somite boundaries did not form. To test whether myotome boundary recovery in other Notch signaling-deficient embryos requires Hedgehog signaling, we treated des/notch1a mutant embryos with cyclopamine and assayed myotome boundary recovery. As in aei/deltaD mutant embryos, Hedgehog signaling is required for myotome boundary formation in des/notch1a mutant embryos (Figs.  6D -F) . Thus, our data show that Hedgehog signaling is not required for myotome boundary formation when initial epithelial somite boundaries are present, but that it is required for myotome boundary formation in Notch pathway mutant embryos in posterior regions where initial epithelial somite boundaries do not form.
We have shown that small initial epithelial somite boundaries occur in the paraxial mesoderm of aei/deltaD mutant embryos during initial epithelial somite boundary formation (Stage 1). Although we predict that the loss of segmentation at Stage 3 in aei/deltaD mutant embryos upon cyclopamine treatment is due to lack of Hedgehog-dependent slow muscle fibers, it is also possible that the weak initial boundaries that form in aei/deltaD mutant embryos are responsible for segmental recovery and that this process is Hedgehogdependent. We tested this hypothesis by incubating aei/deltaD mutant embryos in cyclopamine and assaying for the presence of small initial epithelial somite boundaries. We observe that these small boundaries form in cyclopamine-treated mutant embryos (Fig. 7) . This indicates that Hedgehog signaling is not necessary for initial weak somite boundary formation in aei/ deltaD mutant embryos, and that the formation of initial weak somite boundaries is not sufficient for segmental recovery in the absence of Hedgehog signaling.
Somite boundaries limit myofiber elongation
Our results show that, in the absence of somite boundaries, muscle fibers can initiate the morphogenetic program of muscle cell elongation. However, given the fact that muscle cells usually elongate in between somite boundaries, we hypothesized that one function of epithelial somite boundaries may be to limit the extent to which myofibers can elongate. We utilized mosaic analysis with wild-type and b567 mutant embryos to test this hypothesis. b567 is a large deficiency that deletes her1 and her7 (two transcriptional repressors induced by Notch signaling) and severely disrupts somite boundary formation (Henry et al., 2002) . Although strong somite boundaries form with a 1 1/2 to 2 segment periodicity in her1-and her7-deficient embryos (generated using antisense morpholino oligomer injections), boundary formation in b567 mutant embryos is more severely disrupted (Henry et al., 2002 ).
Muscle cells in b567 mutant embryos are frequently longer than wild-type muscle cells (Figs. 8A, B) . When b567 mutant cells are transplanted into wild-type hosts, we find that b567 mutant muscle cells are of normal length, independent of the number of cells transplanted (Figs. 8G, H) (n = 15 embryos, 139 cells, 2 experiments). In the reciprocal transplant, wildtype cells placed into b567 mutant hosts resemble b567 mutant Fig. 4 . Slow muscle morphogenesis is initially disrupted in the posterior of aei/deltaD mutant embryos but then recovers. Confocal micrographs are side views with anterior to the left, except AW-DW, which are 3 dimensionally reconstructed transverse views. F59 expression denotes slow muscle cells in blue (A-D). In prime panels (AV, BV, CV, DV), F59-expressing cells appear white due to expression of F-actin, found in all muscle cells and detected by red phalloidin staining. In wild-type embryos during the transition stage (20 hpf), a projection of slow muscle fibers shows that they are of uniform length (arrow in A; also AV, somite 10 on the left). When the same three-dimensional projection in panel AV is rotated 90-to generate a transverse view, the three-dimensional architecture of slow muscle is apparent. Muscle pioneers are the medial-most cells (black *, medial to the right), and the migrating superficial slow fibers are more lateral (blue *) (at this stage, slow muscle fibers have migrated through most of the fast muscle mass and are nearly to the lateral surface). In stark contrast, slow muscle fibers in aei/deltaD mutant embryos are of varying length (B, approximate location of somite 10 is on the left) and aberrant gaps are frequently observed (yellow arrows in B; also BV). In addition, a 90-rotation of BV to generate a transverse view shows that the normal slow muscle three-dimensional architecture is severely disrupted. Slow muscle fibers are scattered throughout the paraxial mesoderm and there is no clear distinction between the location of muscle pioneers and the superficial slow fibers. However, this defect in slow muscle morphogenesis in aei/deltaD mutant embryos significantly recovers by 26 hpf (compare CW and DW). In wild-type embryos at the myotome boundary stage (26 hpf), slow muscle cells are of uniform length (C, CV, somite 5 is on the left), and a transverse view of a different embryo shows clear three-dimensional architecture of slow muscle with muscle pioneers medial (black *) and superficial slow muscle fibers lateral (blue *). In aei/deltaD mutant embryos at this stage, a projection of slow muscle fibers indicates that mostly organized dorsal ventral stacks of slow muscle cells form (D, somite 10 is on the left). The length of slow muscle fibers is more regular, although both longer (arrow) and shorter (arrowhead) fibers are observed (see also DV, a projection of D with phalloidin in red to visualize all cells). Significantly, gaps in slow muscle fibers are rarely observed. In addition, three-dimensional reconstruction of a different aei/deltaD mutant embryo that has been rotated 90-to generate a transverse view shows significant recovery of the three-dimensional architecture of slow muscle (compare to BW). A divet in the slow muscle can be seen at the location of the muscle pioneers (black *), and most slow muscle has migrated to occupy the most superficial layer of the paraxial mesoderm (blue *).
cells (Figs. 8I, J) (n = 18 embryos, 186 cells, 2 experiments).
Thus, transplanted wild-type or b567 mutant fast muscle cells are of normal length if they elongate in between two closely spaced boundaries, but are abnormally long otherwise.
Discussion
Segmentation of the body plan is an integral aspect of development. In vertebrates, perhaps the most obvious segmental structures seen in early development are the somites that form from the presomitic mesoderm. Notch signaling is necessary for normal somite formation in mouse, chicken, zebrafish, and Xenopus (Bessho et al., 2001; Dale et al., 2003; Evrard et al., 1998; Henry et al., 2002; Holley et al., 2000 Itoh et al., 2003; Jen et al., 1997; Koizumi et al., 2001; Oates and Ho, 2002; Zhang and Gridley, 1998) . However, some zebrafish Notch pathway mutants are homozygous viable when reared in the lab, implying that mesodermal segmentation recovers in these embryos. In order to understand segmental recovery in Notch pathway mutant embryos, we have addressed the interplay between somite boundaries and slow muscle fibers.
Three stages of segment boundary development
We currently define three stages of development of segment boundaries in the zebrafish embryo (Fig. 2) . The first stage is the formation of initial epithelial somite boundaries from the presomitic mesoderm. These boundaries are formed by the alignment and epithelialization of presumptive border cells (Henry et al., 2000) and focal adhesion components localize to these initial epithelial somite boundaries (Crawford et al., 2003; Henry et al., 2001) . The second stage is a transition stage. During this stage, migrating slow muscle cells induce fast muscle cell elongation (Henry and Amacher, 2004) . The somite boundary is also undergoing morphogenesis as it becomes more chevron-shaped. One inherent aspect of the transition stage is that the initial epithelial somite boundary is maintained through time. The third stage, myotome boundary formation, is marked by robust localization of focal adhesion and dystroglycan components to a chevron-shaped boundary that flanks fully elongated muscle fibers (Bassett et al., 2003; Crawford et al., 2003; Guyon et al., 2003; Parsons et al., 2002) . These observations have led us to propose a model (Fig. 9 ), which will be discussed subsequently in more detail.
Slow muscle morphogenesis in aei/deltaD mutant embryos
Due to the fact that slow muscle is specified normally in aei/ deltaD mutant embryos (van Eeden et al., 1996) , it has been thought that slow muscle development in these embryos is also normal. Although slow muscle is specified in aei/deltaD mutant embryos, we show that muscle fiber length is variable and gaps in slow muscle are observed, particularly during Stage 2 (Fig. 4) . In addition, we show that the normal slow muscle three-dimensional architecture is disrupted at this stage. of an aei/deltaD mutant embryo stained with F59 (white) and phalloidin (red); the approximate location of somite 10 is on the left. At this stage, slow muscle fibers have migrated to the lateral extent of the myotome, and fast muscle fibers are medial to slow fibers. Panels A and B are single confocal micrographs from a medial to lateral Z-series that demonstrates that medial fast fiber length mimics lateral slow muscle fiber length. Panel A is a lateral section containing superficial slow fibers (white), and panel B is a medial section containing muscle pioneers (white). Prime (V) panels are higher magnification views of the boxed regions in A and B. (A) Many lateral superficial slow muscle fibers are organized and have elongated to occupy one wild-type segment length (yellow arrowhead), but some longer fibers (green arrowhead) are observed. (AV) At a higher magnification, some abnormally long slow fibers (green arrowhead) are observed, but other fibers are more normal in length (blue and yellow arrowheads). (B, BV) Medially, the red fast fibers (those lacking the F59 slow muscle myosin antigen), have the same organization as the slow fibers that lie adjacent (lateral) to them in the medio-lateral plane (compare to A, AV). Specifically, in the higher magnification view (BV), abnormally long fast fibers (green arrowhead) are observed where abnormally long slow fibers are observed and shorter fast fibers are observed where short slow fibers were observed (blue and yellow arrowheads). Thus, the length of the medial fast fibers correlates with the lengths of the superficial slow fibers.
However, slow muscle morphology significantly recovers by myotome boundary formation, Stage 3. At this point in time, aei/deltaD mutant slow muscle fibers are more consistent in length and gaps in slow muscle fibers are not observed. Furthermore, slow muscle three-dimensional architecture is significantly recovered. It will be interesting to determine the cellular and molecular mechanisms that underlie this dramatic recovery.
Hedgehog signaling is necessary for somite boundary morphogenesis in aei/deltaD and des/notch1a mutant embryos
We have shown that Hedgehog signaling is necessary for recovery of segmentation in aei/deltaD and des/notch1a mutant embryos (Fig. 6) . Another zebrafish mutant, fused somites/tbx24 (fss/tbx24) also exhibits defects in initial somite boundary formation and is homozygous viable (Nikaido et al., 2002; van Eeden et al., 1996) . At 72 h, irregular boundaries are observed in the paraxial mesoderm of fss/tbx24 mutant embryos (van Eeden et al., 1998). Utilizing double mutant analysis, it was shown that the formation of these irregular boundaries is dependent upon normal Hedgehog signaling, suggesting that slow muscle might pattern segmental recovery in fss/tbx24 mutant embryos (van Eeden et al., 1998) .
We have shown that migrating slow muscle induces fast muscle cell elongation (Henry and Amacher, 2004) . In this study, we show that the pattern of fast muscle fiber elongation generally mimics the pattern of slow muscle fibers that elongate to aberrant lengths in the absence of somite boundaries (Fig. 5) . Blocking slow muscle induction with cyclopamine treatment also blocks organized fast muscle fiber elongation and the formation of myotome boundaries in aei/ deltaD and des/notch1a mutant embryos (Fig. 6) . Taken together, these data strongly suggest that slow muscle significantly contributes to patterning segmental recovery in Notch pathway mutant embryos. However, it is possible that the Engrailed-expressing medial fast fibers are responsible for or contribute to segmental recovery, as cyclopamine treatment also blocks the specification of this cell type . It is interesting to note that, as of yet, no single mutation that disrupts myotome boundary formation along the entire anterior -posterior axis has been isolated (Holley et al., 2000, Fig. 6 . Irregular myotome boundary formation in aei/deltaD mutant embryos requires Hedgehog signaling. All panels are confocal micrographs (side views, anterior left) of 24 hpf embryos; h-catenin expression is in red, Laminin expression is in green. Micrographs of control and cyclopamine-treated embryos are at comparable anterior -posterior and medial -lateral positions with somite 10 or the approximate location of somite 10 to the left in all panels. In cyclopamine-treated wild-type siblings from aei/deltaD and des/notch1a intercrosses, h-catenin reveals myotome boundaries (A, D) and Laminin localizes at myotome boundaries (AV, DV, arrowheads). In control aei/deltaD (B, BV) and des/notch1a (E, EV) mutant embryos, irregular boundaries are visualized by robust expression of h-catenin (B, E, arrowheads) and Laminin (BV, EV arrowheads). However, in cyclopamine-treated aei/deltaD mutant embryos (C, CV; n = 24 mutant embryos, 4 experiments) and cyclopamine-treated des/notch1a mutant embryos (F, FV; n = 11 mutant embryos, 3 experiments), boundaries do not form (C, F) and expression of Laminin is diffuse (CV, FV).
2002; Itoh et al., 2003) . Here, we show that when both Hedgehog and Notch pathways are disrupted, myotome boundaries do not form. Similar to this result, myotome boundary formation is largely abrogated in aei/deltaD; integrina5 double mutants (Julich et al., 2005) , in fused somites (fss); sonic you (syu)/sonic hedgehog double mutants (van Eeden et al., 1998) , and in embryos deficient for both deltaC and her7 (Oates et al., 2005) . Taken together, these results raise the possibility that there are multiple mechanisms contributing to myotome boundary formation, thus generating the observed robustness of the process. It is interesting to speculate that Hedgehog signaling may be critical for Integrinmediated processes; integrina5 is provided maternally, but also is zygotically expressed in slow muscle precursor cells and functions in anterior myotome boundary formation (Julich et al., 2005; Koshida et al., 2005) and redundantly with the Notch pathway for posterior myotome boundary formation (Julich et al., 2005) . Our data suggest that slow muscle migration is an alternate mechanism to achieve myotome boundary formation when initial epithelial somite boundaries do not form.
Somite boundaries limit myofiber elongation
Our results indicate that both fast and slow muscle cells begin the morphogenetic program of cell elongation in the absence of initial epithelial somite boundaries. However, fastand slow-twitch muscle cells may utilize different mechanisms to limit their length. Posterior slow muscle cells in 24 hpf aei/ deltaD mutant embryos are frequently about one segment length even though initial epithelial somite boundaries did not form. This observation suggests that slow muscle cells can regulate their length even in the absence of initial epithelial somite boundaries and may impose this length upon fast muscle cells during their lateralward migration. To test the hypothesis that initial epithelial somite boundaries do modulate muscle cell length, we made genetic mosaics using b567 mutant embryos, which lack her1 and her 7 (transcriptional repressors transcribed in response to Notch signaling). In b567 mutant embryos, muscle cells are frequently longer than those in wild-type embryos (Henry et al., 2002; Fig. 8) . We show that one factor limiting muscle cell elongation in b567 mutant embryos is the presence of an initial epithelial somite boundary and that muscle fibers elongate to varying lengths in the absence of initial epithelial somite boundaries (Fig. 8) . This observation indicates that the formation of reiterated somite boundaries may pattern uniform muscle cell length. Furthermore, this result suggests the hypothesis that muscle cells keep elongating until they reach the extracellular matrix at the somite boundary and then adhere to the matrix and stop elongating.
Mechanisms of myofiber elongation and boundary capture
The mechanism of muscle fiber elongation is not well understood. Fast muscle cell fusion in zebrafish is observed by 24 hpf, but it is not known if fusion contributes to myofiber elongation (Kimmel and Warga, 1987; Roy et al., 2001 ). However, parallels can be drawn with elegant models of notochord/neural plate cell intercalation (Keller et al., 2000) . We hypothesize that somitic cells gain bipolar polarity as they extend in the anterior to posterior dimension. Cells may extend by crawling on cells beneath them (cell -cell traction model of cell intercalation), and/or by crawling on small amounts of extracellular matrix that may exist between the cells (cellmatrix model of cell intercalation) (Keller et al., 2000) . In fact, the cell -matrix adhesion molecules Paxillin and Fak, and the cell -cell adhesion molecules M-and N-cadherin, are expressed in zebrafish somitic cells (Cortes et al., 2003; Crawford et al., 2003) . However, M-and N-cadherin, although required for normal slow muscle migration, do not appear to be required for muscle cell elongation (Cortes et al., 2003) . Clearly, a more detailed analysis of cell -cell adhesions, cellmatrix adhesions, and cell fusion is needed in order to fully understand the mechanism of myofiber elongation.
How do somite boundaries limit the length of myofibers? In the context of intercalating notochord cells, it has been postulated that the notochord -somite boundary functions to ''capture'' intercalating notochord cells and prevent them from extending into the paraxial mesoderm (Keller et al., 2000) . We hypothesize that a similar boundary capture mechanism may function in myofiber elongation. Fibronectin and Laminin localize to zebrafish somite boundaries (Crawford et al., 2003) , indicating extracellular matrix deposition at zebrafish somite boundaries. When an elongating myofiber contacts a somite boundary, it may form strong adhesions to the matrix, prohibiting further movement. In support of this hypothesis, our genetic mosaic analysis shows that, in the absence of normal somite boundary formation, muscle cells elongate until they reach a somite boundary.
Interactions between somite boundaries, slow muscle cells, and fast muscle cells
We have investigated the relationships between epithelial somite boundary formation, muscle fiber formation, and myotome formation. This study, along with other recent work, allows us to propose the following model (Fig. 9) . In a wildtype embryo, segmentation and muscle development proceed in a stereotypical manner. Hedgehog signaling specifies slow muscle progenitors even prior to overt somite boundary formation (Barresi et al., 2000; Du et al., 1997; Wolff et al., 2003) . Next, Notch signaling, along with other signaling pathways, plays a significant role in somite boundary placement (Holley and Takeda, 2002; Pourquie, 2003a) .
During the transition stage, muscle cells begin elongating and somite boundaries limit the elongation of muscle fibers. Superficial slow muscle fibers then migrate laterally through the fast muscle and instruct fast muscle cells to elongate in their wake (Henry and Amacher, 2004) . Finally, the somite boundary matures into a myotome, becoming chevron-shaped and extremely rich in extracellular matrix as visualized by the robust concentration of Laminin, Fibronectin, Fak, and Paxillin, components of the dystroglycan complex, and periostin (Bassett et al., 2003; Crawford et al., 2003; Henry et al., 2001; Kudo et al., 2004; Parsons et al., 2002) .
When Notch signaling is disrupted, embryos lack regularly spaced epithelial somite boundaries, and slow muscle fibers elongate to varying lengths and migrate abnormally towards the lateral surface. However, by 24-26 hpf, slow muscle morphogenesis has significantly recovered and robust, albeit irregular, myotome boundaries have formed. Because Hedgehog signaling is required for recovery in both aei/deltaD and des/notch1a mutants, we hypothesize that slow muscle fibers in Notch pathway mutant embryos play an active, instructive role. One of the extraordinary aspects of the medial to lateral migration of slow muscle is that the slow muscle cells migrate as elongated fibers (Cortes et al., 2003; Devoto et al., 1996) . Because the extent of fast muscle fiber elongation correlates with that of slow muscle fibers, we hypothesize that the migrating superficial slow muscle fibers in aei/deltaD mutant embryos not only instruct fast fibers to elongate but also pattern the fast fiber length to roughly equal the length of the instructing slow muscle fiber. As the migrating mutant slow muscle fibers are not of uniform length, they instruct fast fibers to elongate to varying lengths during their migration, resulting in the formation of fissures in the paraxial mesoderm between fibers. Because these fissures are flanked by bona fide muscle fibers, they develop into mature myotome boundaries that contain robust concentrations of Fak and Laminin.
In cyclopamine-treated aei/deltaD and des/notch1a mutant embryos, Hedgehog signaling is blocked, slow muscle fibers are not specified, and somite boundaries do not form by 24-26 hpf. The weak initial epithelial somite boundaries observed in control aei/deltaD mutant embryos are also observed in cyclopamine-treated aei/deltaD mutant embryos, indicating that weak boundaries are not sufficient to pattern segmental recovery. Taken together, our data suggest that slow muscle fiber elongation and migration do pattern relatively organized fast muscle fiber elongation even in the absence of normal epithelial somite boundary formation.
We have shown that the medial to lateral migration of slow muscle fibers instigates timely fast muscle fiber elongation. However, later in development (24 -26 hpf), fast muscle fibers do eventually elongate even in the absence of Hedgehog signaling (Henry and Amacher, 2004) . In this paper, we show that fast fibers have also elongated in cyclopamine-treated aei/deltaD and des/notch1a mutant embryos by 24 -26 hpf, but that elongation is clearly not sufficient to pattern myotome boundary formation. This insufficiency may be due to the fact that the fast fibers are not elongating in a coordinated fashion since instructive slow muscle fibers are lacking. However, it is also possible that slow muscle fibers may directly influence processes required for somite boundary recovery such as the secretion of a rich extracellular matrix or that Hedgehog signaling is directly required for myotome boundary formation in Notch pathway mutant embryos.
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